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IMPROVED ANALYSIS OF ELECTRON PENETRATION AND NUMERICAL 

PROCEDURES FOR SPACE R A D I A T I O N  SHIELDING 

John W. Wilson and Fred M. Denn* 
Langley Research Center 

SUMMARY 

Elec t ron  p e n e t r a t i o n  c a l c u l a t i o n a l  techniques are b r i e f l y  reviewed wi th  
regard t o  t h e i r  s u i t a b i l i t y  f o r  s h i e l d  a n a l y s i s  i n  f u t u r e  space ope ra t ions .  
Methods based on t h e  t ransmiss ion  f a c t o r s  of  Mar are reviewed i n  de t a i l  and a 
c o r r e c t i o n  term f o r  low-energy e l e c t r o n s ,  which r e s u l t s  i n  s l i g h t l y  conserva- 
t i v e  s h i e l d  estimates, is de r ived .  T h i s  modified Mar's method provides  esti-  
mates o f  the  dose f o r  e l e c t r o n s  t h a t  p e n e t r a t e  through s h i e l d s  o f  a r b i t r a r y  
e lementa l  material w i t h  an atomic number greater than  4. A complete computer 
a lgo r i thm is  given i n  t h e  appendix.  

INTRODUCTION 

It is a n t i c i p a t e d  t h a t  space i n d u s t r i a l i z a t i o n  w i l l  be ushered i n  w i t h  the  
advent of  the  Space Transpor t a t ion  System. (The f i r s t  s t e p  i n  i t s  development 
w a s  t h e  space s h u t t l e . )  Implied by such developments is  the  need t o  c o n s t r u c t  
and main ta in  large space fac i l i t i es .  Large a s t r o n a u t  crews w i l l  probably be 
r equ i r ed  as career space workers t o  b u i l d ,  o p e r a t e ,  and maintain such faci l -  
i t i e s .  On t h e  basis  of p r e s e n t l y  a v a i l a b l e  b i o l o g i c a l  data ( ref .  l ) ,  a combi- 
na t ion  of  t he  high c o s t  o f  supplying a d d i t i o n a l  r a d i a t i o n  s h i e l d i n g  and the 
degree of  r a d i a t i o n  exposure is l i k e l y  t o  p l ace  l i m i t s  on many f u t u r e  manned 
space ope ra t ions  ( r e f .  2 ) .  

A r e c e n t  a n a l y s i s  of  t he  space r a d i a t i o n  p r o t e c t i o n  requirements  f o r  manned 
geos t a t iona ry  o p e r a t i o n s  r e v e a l s  t h a t  excess ive  aluminum s h i e l d i n g  i s  requ i r ed  
f o r  p r o t e c t i o n  from the  geomagnetic t rapped e l e c t r o n s  (ref.  3 ) .  It has  been 
suggested t h a t  o t h e r  w a l l  materials, o r  poss ib ly  a laminated w a l l  s t r u c t u r e ,  
should be used t o  minimize t h e  o v e r a l l  s h i e l d  weight ( r e f .  3 ) .  For t h i s  reason ,  
a d e t a i l e d  assessment o f  e l e c t r o n  s h i e l d i n g  methods has been made ( re f .  4 ) .  Many 
o f  t h e  e x i s t i n g  methods were found t o  be restricted t o  c a l c u l a t i o n s  i n  aluminum, 
t o  have excess ive  computer requi rements ,  or  t o  be inaccura t e .  Improvements i n  
e x i s t i n g  methods based on the  e l e c t r o n  t ransmiss ion  f a c t o r s  of  Mar were found 
a l though a s a t i s f a c t o r y  s h i e l d  a n a l y s i s  f o r  a laminated w a l l  s t r u c t u r e  cannot 
y e t  be made. 

The purpose o f  t h e  p re sen t  r e p o r t  is  t o  describe an  improved method of  
e l e c t r o n  p e n e t r a t i o n  c a l c u l a t i o n  and t o  provide a l l  t h e  informat ion  necessary  
t o  estimate t h e  e l e c t r o n  dose behind a broad range o f  e lementa l  material slabs 
wi th  an atomic number greater than  4 ;  secondary bremsstrahlung and t h e  X-ray 
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dose, however, are not included. A listing of the computer program is given 
in the appendix. 

SYMBOLS 

A electrm spectrum normalization parameter, MeV-l 

ai parameters for energy-range relations (i = 0, 1 ,  2, 3, 4) 

B spectral shape parameter, MeV1 

bi parameters for range-energy relations (i = 0, 1 ,  2, 3, 4) 

C energy deposition correction factor, MeV 

D(t) dose at depth t, rad 

E electron energy, MeV 

Ebr electron energy transferred to bremsstrahlung, MeV 

EO electron incident energy, MeV 

N(Eo,Z,t) electron number transmission factor for incident energy Eo 
and depth t in an elemental material of atomic number Z 

P incident electron spectral parameter, MeV-' 

R(E, Z)  

r 

r0 

S(r,Z) 

t shield thickness, g/cm2 

electron range-energy relation, g/cm2 

electron residual path length, g/cm2 

initial electron path length, g/cm2 

electron stopping power as a function of residual range, MeV-cmZ/g 

Z atomic number of shield material 

A ( Eo, Z , t 1 

P(E,,Z,t) energy deposition coefficient, MeV-cm2/g 

@(E,Eo,Z,t) electron spectrum at depth t in shield material of atomic 

@o(Eo) incident electron spectrum, MeV-' 

net number of stopping electrons per unit distance, cm2/g 

number Z, MeV-' 

2 

. ... 



Subsc r ip t s :  

B Berger 

M Mar 

B a r  over  symbol denotes  average va lue .  

PARAMETERS FOR CONTINUOUS SLOWING-DOWN MODEL 

The p r i n c i p a l  modes o f  i n t e r a c t i o n  o f  e l e c t r o n s  w i t h  materials are through 
c o l l i s i o n a l  e x c i t a t i o n  and i o n i z a t i o n  o f  o r b i t a l  e l e c t r o n s  and through nuclear  
c o l l i s i o n s  which r e s u l t  i n  e las t ic  Rutherford s c a t t e r i n g  and bremsstrahlung 
product ion.  Stopping power, which r e p r e s e n t s  t h e  slowing-down process  by which 
the  primary e l e c t r o n  l o s e s  energy and which is  equal  t o  t he  average energy l o s t  
pe r  u n i t  pa th  l eng th  ( ref .  51, i s  presented  i n  t h i s  s e c t i o n .  The combined 
effects of  Rutherford s c a t t e r i n g  and slowing down are treated i n  the  next  sec- 
t i o n  i n  accordance w i t h  t h e  work of  Mar ( ref .  6 ) .  

The cont inuous slowing-down approximation (csda) pa th  l e n g t h ,  i nc lud ing  
r a d i a t i v e  c o r r e c t i o n s  (bremss t rah lung) ,  has  been c a l c u l a t e d  by Berger and 
S e l t z e r  ( r e f .  5 ) .  T h i s  pa th  l eng th  may be represented  by t h e  fo l lowing  para- 
metric form as  determined through r e g r e s s i o n  a n a l y s i s :  

where t h e  c o e f f i c i e n t s  b i ( Z )  
energy ranges i n  tables  I and 11. Also shown i n  the  tables are t h e  c o e f f i c i e n t s  
f o r  the two compounds o f  polyethylene and s o f t  t i s s u e .  The pa th  l eng th  a t  low 
energy ( less  than  30 keV) i s  approximated by 

are given f o r  s e v e r a l  e lements  f o r  two d i f f e r e n t  

E 
R ( E , Z )  = (1.8736 + 0.03lbZ)- 

30 
(2) 

Note t h a t  there is  a unique one-to-one r e l a t i o n  between the  average  pa th  l eng th  
t r a v e l e d  and t h e  e l e c t r o n  energy wi th in  a given material; hence,  there i s  an  
inve r se  func t ion  which r e p r e s e n t s  the e l e c t r o n  energy for a given  material and 
corresponds t o  the average  pa th  l eng th  o f  t h e  e l e c t r o n .  T h i s  r e l a t i o n  is 
represented  by 

( 3 )  

3 
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where the  a i (Z)  c o e f f i c i e n t s  were determined through r e g r e s s i o n  a n a l y s i s  o f  
t he  d a t a  of  r e f e r e n c e  5. These c o e f f i c i e n t s  are g iven  i n  tables I11 and I V  
f o r  t he  same elements ,  compounds, and energy r anges  as  those  given i n  tables I 
and 11. A t  low e n e r g i e s ,  t he  r e l a t i o n  

30r  
I .8736 + O.OG6Z 

E ( r , Z )  = ( 4 )  

is  used. The corresponding s topping  power due t o  i o n i z a t i o n  and e x c i t a t i o n  i s  
r e a d i l y  found from equa t ions  ( 3 )  and ( 4 )  by us ing  t h e  r e l a t i o n  

( 5 )  I - -  

E ( r ,  Z I Z  
800 

dr 1 + 

where the  second f a c t o r  i s  g iven  by Bethe and Heitler.  (See ref.  5 . )  The dose 
a t  a depth t due t o  a u n i t  f l uence  o f  monoenergetic e l e c t r o n s  w i t h  i n i t i a l  
pa th  l eng th  ro would be 

were it no t  f o r  the  effects  o f  mul t ip l e  nuc lea r  s c a t t e r i n g .  The effects o f  
nuc lear  s c a t t e r i n g  w i l l  be p a r t l y  incorpora ted  i n  t he  next  s e c t i o n  by us ing  
Mar's t ransmiss ion  f a c t o r s .  

MAR'S METHOD REVISED 

The basic f e a t u r e  of  Mar's method (ref.  6 )  i s  the  e l e c t r o n  t ransmiss ion  
f a c t o r  which was der ived  on the basis o f  Monte Car lo  t ransmiss ion  va lues  and 
which was approximated by 

N ( E o , Z , t )  = exp \ 0.634E0 1 J ( 7 )  

where Eo is the  e l e c t r o n  i n c i d e n t  energy i n  M e V ,  t is  the s h i e l d  th i ckness  
i n  g/cm2, and Z is  the  atomic number o f  the  s h i e l d i n g  material. I n  f i g u r e  1 ,  
t ransmiss ion  f a c t o r s  of  Mar f o r  aluminum are compared w i t h  those  obtained by 
the  Monte Carlo c a l c u l a t i o n s  f o r  aluminum i n  r e f e r e n c e s  7 and 8. Equation ( 7 )  
appears reasonably a c c u r a t e  i n  the  energy range o f  i n t e r e s t  f o r  space s h i e l d i n g  
(Eo < 6 M e V ) .  The e l e c t r o n  spectrum a t  a depth  t is  assumed t o  be o f  the  form 

4 



where A and B depend on Eo, Z ,  and t .  The energy o f  t h e  most e n e r g e t i c  
e l e c t r o n  a t  depth t is  represented  by Emax and is  c a l c u l a t e d  wi th  t h e  con- 
t i nuous  slowing-down range-energy r e l a t i o n s .  The spectrum i n  equat ion  (8)  does 
r ep resen t  t h e  g e n e r a l  f e a t u r e s  of  t h e  t r ansmi t t ed  e l e c t r o n  spectrum (ref.  6 ) .  

The energy depos i t i on  c o e f f i c i e n t  as c a l c u l a t e d  from t h e  e l e c t r o n  spectrum 
is given by 

where S(r ,Z)  is  t h e  e l e c t r o n  s topping  power. Equation ( 9 )  may be approxi-  
mated by 

p (Eo ,Z , t )  = S( ro - t ,Z )  iEmax @ ( E , E o , Z , t )  dE 

= S(ro-t ,Z)  N ( E o , Z , t )  (10)  

s i n c e  the  s topping  power is  a slowly vary ing  func t ion  of  energy (ref.  9 )  over  
most of  the  energy range of  i n t e r e s t  (Eo  > 100 keV). 
slowing-down range 
an accu ra t e  approximation of  equat ion  ( 9 )  f o r  t he  spectrum given  by equat ion  ( 8 ) .  

Except nea r  t h e  cont inuous 
ro of  the  i n c i d e n t  e l e c t r o n ,  equat ion  (IO) i s  found t o  be 

Therefore ,  from t h e  conserva t ion  of energy (neg lec t ing  b a c k s c a t t e r i n g ) ,  

where 
no more than  s e v e r a l  pe rcen t  of  Eo i n  space s h i e l d i n g  problems. Genera l ly ,  
i t  is found t h a t  ( ref .  10) 

Ebr is t h e  energy converted i n t o  bremsstrahlung and u s u a l l y  amounts t o  

If taken as a t e s t  on t h e  accuracy of  Mar's procedure,  equat ion  ( 1 1 )  is n o t  
sa t isf ied.  A comparison of  t h e  energy depos i t i on  c o e f f i c i e n t s  c a l c u l a t e d  by 
the  Monte Car lo  method ( refs .  7 and 8) and equat ion  ( 9 )  shows cons ide rab le  
disagreement,  as  shown i n  f i g u r e  2 .  It can be seen from equat ion  ( I O )  tha t  
s i n c e  S(r,Z) v a r i e s  s lowly ,  Mar's energy depos i t i on  c o e f f i c i e n t  is  n e a r l y  
p ropor t iona l  t o  t he  t ransmiss ion  f a c t o r .  This  is  i n  marked c o n t r a s t  t o  t h e  
Monte Carlo estimate t h a t  o b t a i n s  a maximum energy depos i t i on  rate near: t h e  
midrange of  t h e  most p e n e t r a t i n g  e l e c t r o n  range.  S ince  Mar's t r ansmiss ion  
f a c t o r s  are reasonably accu ra t e  for aluminum, it must be concluded t h a t  t h e  
main e r r o r  of Mar's method comes from t h e  approximate spectrum given  by 
equat ion  (8). 

! 
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I n  order  t o  
power which uses  

better understand Mar's r e s u l t s ,  t h e  average  va lue  o f  s topping  
equat ion  (IO) and is given  by 

is  considered.  S i m i l a r l y ,  from t h e  Monte Carlo method ( re f .  81, one may take 

It then fo l lows  from f i g u r e s  1 and 2 t h a t  

The d i f f e r e n c e  between the  average s topping  powers must be a t t r i b u t e d  t o  c o n t r i -  
bu t ions  from t h e  low-energy e l e c t r o n s  (which exh ib i t  large s topping  powers) i n  
t he  Monte Carlo r e s u l t ,  which were no t  w e l l  approximated by Mar's spectrum given  
by equat ion  (8) .  
energy e l e c t r o n s .  

Any improvement i n  Mar's method must account  f o r  these low- 

Low-energy e l e c t r o n s  are generated from two, sources .  F i r s t ,  low-energy 
e l e c t r o n s  are ejected from atomic o r b i t s  by i o n i z i n g  c o l l i s i o n s ,  mainly w i t h  
e n e r g e t i c  primary e l e c t r o n s .  The i n i t i a l  bu i ldup  o f  e l e c t r o n s  observed i n  the  
t ransmiss ion  f a c t o r s  is o f  t h i s  source.  Second, many low-energy e l e c t r o n s  
observed a t  rather low pene t r a t ion  depths  i n  the  s1ab.ar-e produced by mul t ip l e  
s c a t t e r i n g .  Some e l e c t r o n s  fol low long  p a t h s  i n  p e n e t r a t i n g  only  a s h o r t  d i s -  
t ance  through the  material.. To c o r r e c t  the  spectrum f o r  low-energy e l e c t r o n s  
t h a t  are produced as  secondar ies  i n  i o n i z i n g  c o l l i s i o n s  r e q u i r e s  more d e t a i l e d  
informat ion  than is  provided by Mar's t ransmiss ion  f a c t o r  a lone .  Fu r the r ,  i t  
i s  impossible  t o  d i f f e r e n t i a t e  between e j e c t e d  low-energy e l e c t r o n s  and s top-  
ping e l e c t r o n s  only on the  basis o f  t h e , t r a n s m i s s i o n  f a c t o r .  The n e t  change i n  
t ransmiss ion  is found by s u b t r a c t i n g  the  e l e c t r o n  l o s s s e s  due t o  s topping  from 
the  e l e c t r o n s  gained by e j e c t i o n .  An estimate o f  the  effects o f  the low-energy 
e l e c t r o n s  t h a t  are produced i n  mul t ip l e  s c a t t e r i n g  w i l l  be obtained here by 
c a l c u l a t i n g  t h e  n e t  number of  s topping e l e c t r o n s  denoted by 
n e t  number of  s topping  e l e c t r o n s  is determined from the  d e r i v a t i v e  o f  t h e  t r ans -  
mission f a c t o r  by us ing  

A ( E o 7 Z , t ) .  The 

6 



so t h a t  A ( E o , Z , t )  r e p r e s e n t s  
d i s t a n c e .  The c o n t r i b u t i o n  o f  

t h e  n e t  number of  s topping  e l e c t r o n s  pe r  u n i t  
the  low-energy e l e c t r o n s  t o  t he  energy depos i t i on  

c o e f f i c i e n t  is assumed t o  be p ropor t iona l  t o  t h e  n e t  number of . s topping  elec- 
t r o n s ,  which is  taken from equat ion  (16 ) .  

A s  a first approximation t o  t h e  energy depos i t i on  c o e f f i c i e n t ,  t h e  va lue  
given by Mar is  used and a c o r r e c t i o n  which i s  p ropor t iona l  t o  the  n e t  number 
of s topping  e l e c t r o n s  is  added. Hence, 

a S( ro - t ,Z )  N ( E o , Z , t )  + C A ( E o , Z , t )  (17)  

The va lue  C is  determined from energy conserva t ion  as 

c = Eo - Ebr - 3, S( ro - t ,Z )  N ( E o , Z , t )  d t  (18) 

From equat ion  (181, C is seen t o  be a func t ion  of  Eo and Z ;  va lues  o f  C 
estimated from t h i s  equat ion  are shown i n  f i g u r e  3 .  The corresponding energy 
depos i t i on  c o e f f i c i e n t s  are compared w i t h  Monte Carlo va lues  f o r  aluminum 
s h i e l d i n g  i n  f i g u r e s  4 and 5. 

A s  can be seen from f i g u r e s  4 and 5 ,  the shape o f  t he  energy depos i t i on  
c o e f f i c i e n t  is reasonably  c o r r e c t  a l though the  peak is  s h i f t e d  t o  t he  r i g h t .  
T h i s  r ightward s h i f t  is most pronounced a t  i n c i d e n t  e l e c t r o n  e n e r g i e s  below 
about  2 MeV. Although the  s h i f t  i n t roduces  i n a c c u r a c i e s  i n  dose estimates, 
there is some advantage i n  t h a t  t h e  e r r o r s  tend t o  be conse rva t ive  compared 
w i t h  those  o f  t h e  o t h e r  methods based on Mar's t ransmiss ion  f a c t o r  ( ref .  1 1 )  

I n  order  t o  eva lua te  t h e  degree o f  conservat ism i n  dose estimates, t h e  dose 
has  been eva lua ted  f o r  an  e l e c t r o n  spectrum o f  

@o(Eo)  = P exp(-PEo) (19)  

where t h e  f a c t o r  o f  1 .3  was used t o  conver t  aluminum dose t o  t i s s u e  dose as 
recommended by Watts and B u r r e l l  ( re f .  8 ) .  The dose ,  as c a l c u l a t e d  from equa- 
t i o n  (171,  is compared w i t h  t h e  va lue  c a l c u l a t e d  by us ing  t h e  Berger energy 
depos i t i on  c o e f f i c i e n t s  ( r e f .  8) i n  f i g u r e  6. It is  seen from f i g u r e  6 t h a t  
the  p resen t  r e s u l t s  tend t o  overes t imate  t he  dose r e l a t i v e  t o  t he  r e s u l t s  o f  
Berger a l though the  p r e s e n t  method appears q u i t e  a c c u r a t e  f o r  t he  ranges  o f  
s p e c t r a  2 S P I 6 and t h i c k n e s s  t 5 2 g/cm2 t h a t  are of  importance t o  t he  
space program. 

As a f u r t h e r  test  on t h e  p re sen t  procedure,  t h e  dose per  u n i t  f l uence  
f o r  t he  test  spectrum used by S c o t t  ( r e f .  1 1 )  has been c a l c u l a t e d  and i s  g iven  
by 

Oo(E0> = 3.88 exp(-0.575Eo - 0.O55Eo2) (20)  

7 
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The c a l c u l a t i o n s  o f  S c o t t  (ref.  11) f o r  Mar's based codes BEP (ref. 12) and 
CHARGE ( ref .  13) are compared w i t h  the  p resen t  modified Mar's method i n  f ig-  
u r e  7. Unlike the  o t h e r  two Mar's based c a l c u l a t i o n s  which underest imate  dose 
by up t o  an o rde r  of magnitude, t h e  p re sen t  method tends  t o  overes t imate  the  
dose compared w i t h  the  a c c u r a t e  Berger c a l c u l a t i o n .  It should be noted t h a t  
t h e  e l e c t r o n  spectrum used by S c o t t  (g iven  by eq. (20)) is the  e l e c t r o n  spec- 
trum from f i s s i o n  product  decays;  hence,  t h e  comparisons i n  f i g u r e  7 have 
l i t t l e  re levance  t o  space r a d i a t i o n  p r o t e c t i o n .  

For ease i n  u t i l i z i n g  these modified Mar's procedures ,  a computer program 
has been developed t o  implement t h e  c a l c u l a t i o n a l  procedures  described he re in .  
A l i s t i n g  of  t h i s  program is given i n  t he  appendix.  

CONCLUDING REMARKS 

The earlier methods f o r  e l e c t r o n  pene t r a t ion  us ing  e l e c t r o n  t ransmiss ion  
f a c t o r s  c a l c u l a t e  the  dose behind a r b i t r a r y  s h i e l d s  o f  atomic number greater 
than 4 but  underest imate  r a d i a t i o n  exposure by up t o  an  o rde r  o f  magnitude. A 
c o r r e c t i o n  f a c t o r  based on e l e c t r o n  t ransmiss ion  f a c t o r s  h a s  been der ived f o r  
use i n  e l e c t r o n  s h i e l d  a n a l y s i s ;  these new r e s u l t s  are found t o  be s l i g h t l y  
conserva t ive  i n  t h e i r  a p p l i c a t i o n  t o  space r a d i a t i o n  p r o t e c t i o n  when the  Mar's 
t ransmiss ion  f a c t o r s  are used. Although t h i s  new method is  accurate and com- 
pu te r  e f f i c i e n t ,  it is  n o t  adequate f o r  a n a l y s i s  of laminated w a l l  s t r u c t u r e s .  

Langley Research Center 
Nat ional  Aeronaut ics  and Space Adminis t ra t ion 
Hampton, VA 23665 
August 1 1 ,  1977 
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APPENDIX 

A l i s t i n g  o f  t h e  FORTRAN I V  computer program f o r  t h e  eva lua t ion  o f  t h e  
co r rec t ed  energy depos i t i on  c o e f f i c i e n t  g iven  by equat ion  (17) and for t h e  
eva lua t ion  of  t h e  t i s s u e  dose behind s h i e l d s  o f  t h e  e lementa l  materials t h a t  
are l i s t e d  i n  t a b l e s  I t o  I V  i s  given i n  t h i s  appendix.  The range-energy 
r e l a t i o n  of  equa t ions  ( 1 )  and (2 )  is  eva lua ted  i n  subrout ine  RANGE w i th  t h e  
i n v e r s e  r e l a t i o n  g iven  by equa t ions  ( 3 )  and ( 4 )  evalua ted  by an e n t r y  p o i n t  
c a l l e d  ENERGY. The s topping  power g iven  by equat ion  (5) is eva lua ted  by 
e n t r y  po in t  STP. The t ransmiss ion  f a c t o r  given by equat ion  (7 )  and its de r iv -  
a t i v e  given by equat ion  (16) are eva lua ted  i n  sub rou t ine  TC. The c o r r e c t i o n  
f a c t o r  given by equat ion  (18) is  eva lua ted  i n  sub rou t ine  C .  The energy depo- 
s i t i o n  c o e f f i c i e n t  g iven  by equat ion  (17) is  eva lua ted  i n  subrout ine  EDC. 
program as l i s t e d  calculates t h e  dose due t o  normal i n c i d e n t  e l e c t r o n s  wi th  
t h e  energy s p e c t r a  genera ted  by equat ion  (19) .  
a ca l l  t o  t h e  numerical  quadra ture  sub rou t ine  c a l l e d  GLEGEN. 

The 

The dose is  c a l c u l a t e d  through 
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S P T R M * T 2 0 0 r C M 5 5 0 0 0 .  
U S E R q 9 6 9 2 2 5 N .  
CHARGE* 1 0 1 4 2 5 * L R C e -  
F T N * R = 3 r E L = I  
ATTACH (FTNML I B/UN=L I BRARY 1 
LDSET(LIB=FTNMLIBrPRESET=NGINF*MAP=SB€X) 
LGO. 

EXTERNAL F I NC 
R E A L  X ( 2 0 1 r Z T ( 7 ) r P ( 8 ) r D O S E ( 7 ) r W K ( 7 )  
COMMON / X P / X V * P V  
DATA P/.5rl.t105r2.r2.5r3~*40*60/ 
DATA X / ~ 1 r ~ 2 ~ ~ 3 ~ ~ 4 r ~ 5 ~ ~ ~ 6 ~ ~ 7 r ~ 8 * ~ 9 r 1 ~ ~ 1 ~ 1 * 1 ~ 2 ~ 1 ~ 3 ~ 1 ~ 4 ~ 1 ~ 5 ~ 1 ~ 6 ~ 1 ~ 7 * 1 ~ 8 ~ 1 ~ 9 * 2  

DO 1 I P = l * B  
Pv=P( IP) 
EMAX= 1 0 ./PV 
P R I N T  l O O * P V  
DO 2 I X = 1 * 2 0  
xv=x( I X )  
E M I N  = ENERGY ( X V * 4 . )  
P R I N T  l O l r E M l N * E M A X  

C A L L  G L E G E N ( E M l N * E M A X * F I N C * 7 * 2 0 * l O * D O S E I W K I I R )  
P R I N T  l O O * X V * D O S E  

1 .8*1.0*2./ 

101 FORMAT(2E15 .3 )  

100 FORMAT ( 3 X 1 F 5 . 3 r 7 E l 5 . 3 )  
2 CONTINUE 
1 CONTINUE 

END 

SUBROUTINE F I N C ( E * F O F E )  

R E A L  2 ( 7 ) r F O F E ( 7 )  
COMMON / X P / X V * P V  
DATA Z / 4 . r 6 . r 1 3 . r 2 6 . r 5 0 . r 7 4 . . 8 2 . /  
R C = R A N G E ( E * l J o )  
DO 1 1 Z = l * 7  
zv=z(rz) 
R V = R A N G E ( E * Z V )  

RETURN 
END 

1 F O F E ( I Z ) = E D C ( E I Z V * X V ) + E X P O + P V * E ) * P V * S T P ( R C ~ ~ ~ ~  ) * 1 * 3 / S T P ( R V * Z V )  



F U N C T I O N  T C ( E e Z * X * D E L T A )  

E X = 7 * / ( Z - 3 * 2 5 ) * * * 2 4  
A R C = t X * * * 8 4 8 ) * Z * * e 2 3  
A R G = ( A R G / ( e 6 3 4 * E )  )**EX 
TC=EXP(-ARG) 
D E L T A = - T C * A R G * ~ 8 4 8 + E X / ~ X + ~ O O O O O l )  
RETURN 
END 

F U N C T I O N  EDC (E r Z *  X 1 

DATA OZ/Oa/  
I F ( 0 Z )  2 * 1 * 2  

2 R E S = R A N G E ( E * Z ) - X  
S M A X = S T P ( R E S * Z )  
E D C = S M A X * T C ( E * Z * X * D E L T )  
EDC=EDC-DELT*C(E*Z)  
RETURN 

D=B (OZ 1 
GO TO 2 
END 

1 oz=z 

F U N C T I O N  C ( E * Z )  



ENTRY 8 
DO 1 J = l r 9  
Z 0 ~ 4 0 + 1 0 0 * ( J - 1  ) 
C A L L  MCAUSS(Oorlo*lO*SUM(ltJ)*FUNCtCT(l*J)*20) 
DO 1 I=1*20 
E Z = o l + (  1-1 )/20 
C T ~ I ~ J ~ ~ E Z ~ S U M ~ I t J ~ ~ 5 o 7 l E - 4 * Z O * ~ l o l 5 6 * E Z ~ E Z  
I F ( C T ( I * J ) a L T o O o )  C T ( I * J ) = O o  

1 C O N T I N U E  
RETURN 
E N D  

S U B R O U T I N E  MGAUSS(A*RtN*SUM*FUNC*FOFX*NOF) 

R E A L  SUM (NOF 1 t F O F X  ( N O F  
M= 1 O*N 
D E L T =  ( 8 - A  ) /M 
M=M+1 
DO 1 I = l r N O F  

DO 2 IXX1.M 
H = l  
XnA+DELT* ( I X - 1  1 
C A L L  F U N C ( X t F 0 F X )  
I F ( ( I X - l ) * ( M - I X ) o E Q o O )  H=o5 
DO 3 I = l t N O F  

3 SUM ( I 1 =SUM ( I )+FOFX ( I ) *DELT*H 
2 C O N T I N U E  

RETURN 
END 

1 S U M ( I ) = O o  

S U B R O U T I N E  F U N C ( X t F 0 F X )  

D I M E N S I O N  F O F X ( 2 O )  
COMMON / C Z / Z O  
DO I I = l * 2 0  

R O = R A N G E ( E N * Z O )  

SMAX=RO*STP(RES*ZO)  

RETURN 
END 

E N = o I + ( I - l o ) / 2 a  

RES=RO* ( 1  o-X 

1 F O F X ( 1  ) = S M A X * T C ( E N * Z O * X * R O I D E L T A )  

s 
X 



SUBROUTINE GLEGEN(ArBrFUNC~NOFrNrDUM~SUMrFOFXr1R) 

REAL SUM(NOF)rFOFX(NOF) 
M= 1 O*N 
DELT= (5-A )/M 
M=M+ 1 
DO 1 I=lrNOF 

DO 2 IX=IrM 
H=l 
X=A+DELT*(IX-I) 
CALL FUNC(X*FOFX) 
IF((IX-I ) + ( M - I X ) o E Q o O )  H=m5 
DO 3 I=lrNOF 

1 SUM(I)=Oo 

3 SUM(I)=SUM(I)+FOFX(I )*DELT*H 
2 CONTINUE 

RE TURN 
END 

FUNCTION RANGEtErZ) 

REAL A ( 5 r 9  
REAL C(5*9)rD(599) 

DATA A / - m 0 0 3 9 r o 6 5 3 9 ~ 2 o 1 5 4 5 * o O 3 . 3 O r o O O 2 3 r  

rB (5 r 9  ) r ZT ( 3  ) 

DATA Z T / 4 ~ ~ 6 ~ ~ 1 3 ~ ~ 2 6 m ~ 5 0 ~ r 7 4 m * 8 2 0 r l ~ l m ~ l O 2 0 /  

1-m0039r~8302r2~3854. .1409r- .0037 
2 r - m 0 0 2 6 r 0 6 8 R 6 r l 0 9 9 3 7 r . 1 3 5 4 r . 0 0 0 8 r  
3-mO005ro5953rlo6875r.1455r.0056r 
4 o 0 0 3 8 r m 4 2 3 9 ~ 1 o 3 2 1 1 r o 1 3 1 3 r m 0 1 4 9 ~  
5 o 0 1 ~ 0 ~ o 2 8 5 4 r 1 m 2 7 4 2 r o 0 8 6 1 r o 0 2 8 0 *  
6m0078~02138rl02892~00739r00328~ 
7-m0049r100136r3m3528~01888~-m0048r 
8 ~ 0 0 1 1 r ~ 8 6 5 0 r 3 m 1 7 3 8 r m 2 8 1 9 r - o 0 0 3 1 /  
DATA 8 / ~ ~ 0 3 5 7 ~ o 5 3 8 9 r m 0 5 0 5 , - . 0 0 7 5 r . 0 0 0 3 r  

1 - o 0 3 0 2 r ~ 4 9 3 5 r o 0 4 4 6 r - o 0 0 6 9 r o 0 0 0 3 ~  
2 ~ o 0 3 1 5 r ~ 5 5 5 9 r o 0 4 0 8 r ~ o 0 0 7 0 r o 0 0 0 3 ~  
3-00343r06157*00350r-00070r00003* 
4 ~ 0 0 3 9 6 r 0 7 3 7 9 r m 0 1 5 1 r ~ 0 0 0 5 8 r 0 0 0 0 3 ~  
5 - o 0 4 1 1 r ~ ~ 8 0 4 6 r ~ o 0 0 1 5 ~ - o O O 4 S ~ o O O O 3 r  
6 - o 0 4 2 2 r o 8 2 6 8 r - m 0 0 9 0 r - . 0 0 3 8 r . 0 0 0 2 r  



7-~0243r04105rm0410~-00062r00003~ 
8 - ~ 0 2 5 h r ~ 4 3 7 9 r o 0 3 3 9 r ~ o O O 5 8 r ~ O O O 3 /  

DATA C / ~ ~ 0 0 0 6 r o 5 9 6 8 r 2 ~ 9 6 5 3 r - 1 . 8 8 5 1 r l . 4 1 1 6 r  
1-~0007r~6481r3~4940~-2~3397rl09483r 
~-.00@7..5543~2.7922r-1.533i~!~186~~ 
3-00007r~4831r2~3942r -1 .2689r .9566r  
4 - ~ 0 0 0 4 r ~ 3 4 7 2 r 2 0 0 0 6 3 r - 1 . 5 5 3 5 r l . 1 8 8 4 r  
5 - ~ 0 0 0 7 r ~ 3 2 7 5 r 1 0 5 4 1 7 ~ - ~ 5 7 1 5 ~ ~ 4 2 0 4 r  
6-*OC08r03227rlo4249r-.4245r.3350r 
7-00007r07809r4~9849r -4 .1309r4 .0384r  
8-00006r~7250r404910r-3.3601r3.31BB/  

DATA D / - o 0 0 1 3 r o 0 8 2 2 r l o 1 8 1 5 r - 1 . 1 8 7 5 r . 4 6 7 7 .  
1 - ~ 0 0 1 5 r ~ 0 8 7 5 r 1 ~ 0 1 5 3 r - . 9 5 1 8 . . 3 4 3 0 r  
2-0OC18r01077rl01301r-1.C732r.3B68r 
3 - ~ O C 2 1 ~ 0 1 2 7 3 r 1 0 2 2 8 5 r - 1 ~ 1 7 9 7 r ~ 4 2 6 2 r  
4 - 0 0 0 3 4 r 0 2 0 3 9 r 1 ~ 1 3 9 9 ~ ~ 0 7 2 2 1 ~ ~ 0 7 9 5 r  
5 - ~ 0 0 ~ 8 r ~ 1 8 7 5 r 1 ~ 6 1 8 0 * - 1 ~ 7 0 2 7 r ~ 6 4 8 5 r  
6 - 0 0 0 2 8 ~ ~ 2 0 0 0 r 1 0 6 1 2 ~ ~ - 1 0 6 6 4 6 ~ 0 6 ~ ~ ~ ~  
7 - 0 0 0 1 2 r 0 0 7 0 4 r 0 8 5 2 5 r ~ 0 7 9 1 5 r 0 2 8 3 5 ~ - 0 0 0 1 2 r 0 0 7 5 3 r ~ 9 0 9 0 ~ - ~ 8 5 8 0 r 0 3 0 8 5 /  

* RANGE I N  G/CM**2 VS E I N  MEV 
I F ( Z o L T . 4 )  GO TO 10 
DO 1 I = 2 r 7  
J= I 
I F ( Z o L E o Z T ( 1 ) )  GO TO 2 

J=8 
I F ( Z o L T o 1 0 1  ) J = 7  

2 CONTINUE 
I F  (ZmEQo 1 0 2 )  J=9 
JM=J-1  
I F ( E . L T . 1 . )  GO TO 4 
RM=B (5. JM ) 
R A N G E S B ( 5 r J )  
DO 3 L = l r 4  
RM=R(S-LrJM)+E+RM 

R A N G E = R M + ( R A N G E - R M ) * ( Z - Z T ( J M ) ) / O - Z T ( J M ) )  
RETURN 
RANGEZD (5 r J ) 
RM=O ( 5 r JM ) 
I F ( E o L T . o O 3 )  GO TO 6 
DO 5 L = l r 4  
RM=D ( 5-L r JM ) +E*RM 

1 CONTINUE 

3 RANGE=B(5-LrJ)+E+RANGE 

4 

5 RANGE=D(5-LrJ)+E+RANGE 



RANGE=RM+(RANGE-RM)*(Z-ZT(JM))/(ZT(J)-ZT(JM)) 
RE TURN 

RANGE=RJ*(E/oOJ 
RETURN 

ENTRY ENERGY 
I F ( Z o L T . 4 )  GO TO 1 0  
DO 1 1  Iz2.7 
J= I 
I F ( Z o L E o Z T ( 1 ) )  GO TO 1 2  

J-8 
l F ( Z o L T . 1 0 1  ) J=7 

12 CONTINUE 
IF  ( Z e E Q  102 ) J=9 
JM- J- 1 
I F ( E o L T o . 4 )  GO TO 14 
RM=A (5. JM) 
R A N G E = A ( 5 r J )  
DO 13 LS1.4 

6 R 3 = 1 0 8 7 3 6 € - 3 + Z + 3 * 1 6 E - 5  

it E I N  MEV VS RANGE I N  G/CM**2 

11 CONTINUE 

RM=A (5-L J M  )+E*RM 
13 RANGE=A(~-L IJ )+E*RANGE 

RANGE=RM+(RANGE-RM)+(Z-ZT(JM))/(ZT(J)-ZT(JM)) 
I F ( R A N G E o L T . 1 )  GO TO 14 
RANGE=SQRT(RANGE) 
RETURN 

14 CONTINUE 
JM= J- 1 
RMzC ( 5 JM 1 
RANGE'C (5 J.1 
DO 15 L- l .4  
RM=C (5-LI J M  )+E*RM 

15 RANGEZC (5-LI J )+E*RANGE 
RANGE=RM+(RANGE-RM)*(Z-ZT(JM))/(ZT(J)-ZT(JM)) 
I F ( R A N C E ~ L T e o 0 0 0 9 )  GO TO 16 
RANGE=SQRT(RANGE) 
RE TURN 

RANGE = E * o 0 3 / R 3  
RETURN 

ENTRY S T P  

16 R 3 = 1 0 8 7 3 6 E - 3 + Z * 3 0 1 6 E - 5  

* STOPPING POWER I N  MEV/G/CM**E VS R E S I D U A L  RANGE I N  G/CM**E 

A 
v1 IF(Z .LT.4)  GO TO 10 



DO 21 1=2r7  
J= I 
!F(Z.LE.ZT( 1 ) 1 GO TO 22 

21 CONTINUE 
J=8 
I F ( Z . L T . 1 0 1  ) J=7 

22 CONTINUE 
I F  (ZoEQ. 102 1 J=9 
JM=J-1 
E M = A ( S * J M )  
SM=4 .*A ( 5 r J M  ) 
E E z A ( 5 r J )  
S P = 4 . * & ( 5 r J )  
00 30 L = l r 4  
EM=A (54, JM )+E*EM 
S M = ( 4 . - L ) + A ( S - L r J M ) + S M * E  
E E = A ( 5 - L r J ) + E * E E  
SP= ( 4  -L )+A (5-L r J ) +SP*E 
EE=EM+ ( E E - E M ) *  ( Z - Z T  ( J M  1, 

30 
1 

S P = S M + ( S P - S M ) * ( Z - Z T ( J M ) ) / ( Z T ( J ) - Z T ( ~ M ) )  
IF (EE.LT.1 . )  GO TO 40 
E E = S Q R T ( E E )  

RE TURN 
40 E E x C ( 5 r J )  

E M = C ( S r J M )  
S M = 4 . * C ( 5 r J M )  
S P = 4 . * C ( S r J )  
DO 4 1  L = 1 r 4  
E M = C ( S - L *  JM )+E+EM 
SM=(4.-L)*C(S-LrJM)+SM*E 
E E = C ( S - L r J ) + E * E E  

RANCE=.5*SP/ (E+EE)  

41 S P = ( 4 . - L ) * C ( 5 - 1 . r J ) + ~ * S P  
E E n E M + ( E E - E M ) * ( Z - Z T ( J M )  ) / ( Z T ( J ) - Z T ( J M ) )  
SP=SM+(SP-SM)*(z-ZT(JM))/(ZT(J)-ZT(JM)) 
I F ( E E . L T * . 0 0 0 9 )  GO TO 50 
EE=SQRT ( € E )  
RANGE=. 5 * S P /  (E*EE ) 

IF (Z .GT.84. )  RETURN 
RANGE=RANGE/(l.+EE*Z/800o ) 

RETURN 
50 R3=1 .8736E-3+Z*3 .16€-5  

RANGE=. 0 3 / R 3  
!F(ZoGT.84. )  RETURN 



RANGE=RANGE/ ( 1 e+.  03*Z/800 
RETlJRN 

) 

10 PRINT 1000 
1000 FORMAT ( * VALUE OF 2 OUT OF RANGE * )  

END 
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TABLE I.- COEFFICIENTS FOR RANGE-ENERGY RELATIONS I N  

-0.0012 
-.OOI2 

Polyethylene 
Tissue 

.r 

0.0704 0.8525 -0.7915 0.2835 
-0753 .go90 -.8580 -3085 

THE ENERGY RANGE OF 0.03 6 E 6 1 M e V  

-0.0357 
-.0302 
-.0315 
-.03‘+3 
-.0396 
-.0411 
-.O422 

Materials I Z I bo b2 

0.5389 
.4935 
.5559 
.6157 
.7379 
.8046 
.8268 

Beryllium 
Carbon 
Aluminum 
I r o n  
Tin 
Tungs t e n  
Lead 

0.4105 
Tissue  .4379 

4 
6 
13 
26 
50 
74 
82 

0.0410 -0.0062 0.0003 
.0339 -.0058 .0003 

Elements 

Compounds 

-1.1875 
-.9518 
-1.0732 
-1.1797 
-.7221 

-1 .TO27 
-I .6646 

0.4677 
.3430 
.3868 
.4262 
.0795 
.6485 
.6191 

TABLE 11.- COEFFICIENTS FOR RANGE-ENERGY RELATIONS I N  

THE ENERGY RANGE OF 1 6 E 6 10 M e V  

1 I I I I 

Beryl1 ium 
Carbon 
Aluminum 
I r o n  
Tin  
Tungsten 
Lead 

4 
6 
13 
26 
50 
74 
82 
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TABLE 111.- COEFFICIENTS FOR ENERGY-RANGE RELATIONS I N  

Beryll ium 
Carbon 
Aluminum 

Tin 
Tungsten 
Lead 

I ron  

THE ENERGY RANGE OF 0.03 6 E 6 1 M e V  

4 -0.0006 0.5968 2.9653 
6 -.0007 -6481 3.4940 

13 1 -.0007 1 .5543 2.7922 - 

50 -.0004 -3472 2.0063 
74 -.0007 .3275 1.5417 
82 -.0008 .3227 1.4249 

26 -.0007 .4a31 2.3942 

- ~ ~~ 

a O  Materials z 

- 

-1.8851 
-2.3397 
-1 -5331 
-1.2689 
-1.5595 

-.5715 
- .4245 

a l  a2  a 4  

~ 

-4.1309 
-3.360 1 
- 

- ~ _ _ _ _ _ _  

0.6539 
.8302 
.6886 
-5953 
,4239 
.2854 
.2138 - 

~ ._ 

1.41 16 
1.9483 
1.1863 

.9566 
1 . I 8 8 4  

.4204 

.3350 

2.1545 
2.3854 
1.9937 
1.6875 
1.3211 
1.2742 
1.2892 

._~.______ 

. . -  

4.0384 
3.3188 

- 

TABLE 1 V . -  COEFFICIENTS FOR ENERGY-RANGE RELATIONS I N  

THE ENERGY RANGE OF 1 6 E 5 10 MeV 

Beryll ium 
Carbon 
Aluminum 

Tungsten 
Lead 

.- 

4 
6 

13 
26 
50 
74 
82 

-0.0039 
- .0039 - .0026 -. 0005 

.0038 

.0110 

.0078 

0.0330 
. I409  
.I354 
. I455  
. I313  
.088 1 
-0739 -~ - 

0.0023 

.0008 

.0056 

.0149 

.0280 

.0328 

- .0037 

. ~ _ _  - 

Compounds 

-0.0049 1.0136 3.3528 0.1888 -0.0048 
L . 0 0 1 1  1 . 8 6 i L i 8 T - . 2 8 1 9 /  TO, 

Polyethylene 

*: 

i i  

i 

i 
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Figure 1.- Comparison of Mar's transmission f a c t o r s  f o r  aluminum wi th  Monte Carlo 
transmission f a c t o r s  ca lcu la ted  by Berger program. 
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Figure  2.- Comparison o f  Mar's der ived  energy depos i t i on  c o e f f i c i e n t  f o r  
i n c i d e n t  e l e c t r o n s  o f  1 MeV on aluminum w i t h  r e s u l t s  of  Berger's 
Monte Carlo c a l c u l a t i o n s .  
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Figure 3.- Correction f a c t o r  f o r  Mar's energy depos i t ion  c o e f f i c i e n t  as  func t ion  of i nc iden t  
e l e c t r o n  energy for seve ra l  s h i e l d  materials. 
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Figure  4 . -  Comparison o f  p r e s e n t  c a l c u l a t i o n s  o f  Mar's energy depos i t i on  
c o e f f i c i e n t  f o r  i n c i d e n t  0.5 MeV e l e c t r o n s  on aluminum w i t h  r e s u l t s  
of Berger's Monte Car lo  c a l c u l a t i o n s .  
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Figure  5.- Comparison of p r e s e n t  c a l c u l a t i o n s  of Mar's energy depos i t i on  
c o e f f i c i e n t  for i n c i d e n t  2 M e V  e l e c t r o n s  on aluminum w i t h  r e s u l t s  of 
Berger's Monte Car lo  c a l c u l a t i o n s .  
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Figure  6.- T issue  dose behind a n  aluminum sh ie ld  f o r  t h e  spectrum given  by equa- 
t i o n  (13) determined by u s i n g  the  p r e s e n t  form of  Mar's energy depos i t i on  
c o e f f i c i e n t s  compared wi th  c a l c u l a t i o n s  based on t h e  Berger energy depos i t i on  
c o e f f i c i e n t s .  
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Figure 7.- Tissue dose behind an aluminum shield for the Scott test spectrum 
given by equation (141, as estimated by several methods. 
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